E RED ) and emission or absorption wavelength (λ abs , λ em ) have been reported. We present now a quantitative model based on Hammett parameters that rationalizes the effect of the substituents on the properties of cyclometalated iridium(III) complexes. This simple model allows predicting the apparent redox potentials as well as the electrochemical gap of homoleptic complexes based on phenylpyridine ligands with good accuracy. In particular, the model accounts for the unequal effect of the substituents on both the HOMO and the LUMO energy levels. Consequently, the model is used to anticipate the emission maxima of the corresponding complexes with improved reliability. We demonstrate in a series of phenylpyridine emitters that electron-donating groups can effectively replace electron-withdrawing substituents on the orthometallated phenyl to induce a blue shift of the emission. This result is in contrast with the common approach that uses fluorine to blue shift the emission maximum. Finally, as a proof of concept, we used electron-donating substituents to design a new fluorine-free complex, referred to as EB343, matching the various properties, namely oxidation and reduction potentials, electrochemical gap and emission profile, of the standard sky-blue emitter FIrPic.
Introduction
Comprehensive structure-properties relationships for transition metal complexes are essential owing to their great importance in catalysis, optoelectronics and sensing applications. [1] [2] [3] [4] [5] [6] Among the many families of complexes of interest, cyclometalated iridium(III) complexes possess unique photophysical properties, namely high phosphorescence quantum yields and a relatively short triplet excited state lifetime. [7] [8] [9] [10] [11] [12] [13] As a result of these characteristics, they have attracted considerable interest for use as dopants in organic light-emitting diodes (OLEDs) [14] [15] [16] [17] [18] [19] [20] [21] [22] and virtually any application requiring highly phosphorescent materials. [23] [24] [25] [26] [27] [28] [29] [30] [31] Interestingly the emission wavelength of iridium(III) complexes can be tuned over the entire visible spectrum. This color tuning is possible because, first, the emission is mainly a lowest unoccupied molecular orbital (LUMO) to highest occupied molecular orbital (HOMO) transition. 32 It is therefore possible to adjust the color of the emission by changing the HOMO-LUMO gap, which can be achieved simply by changing the ligand skeleton. [33] [34] [35] [36] [37] [38] Second, the HOMO and LUMO are spatially differentiated. 32, 39, 40 For example, on complexes featuring 2-phenylpyridine ( ppy) as a ligand, the HOMO is predominantly localized across the phenyl ring and the iridium center, whereas the LUMO resides preferentially on the pyridine. 32 In this case, the HOMO-LUMO gap can be tuned by grafting substituents onto the ligand skeleton and, depending on the position of the substituents, they will impact the LUMO or the HOMO energy levels. The substituents can exert both inductive and mesomeric effects that result in an electron- donating or withdrawing character. The electronic character of the substituents is quantified in terms of position according to Hammett σ-values (σ meta or σ para ). 41 More positive (negative)
values of σ are associated with the more electron-withdrawing (donating) substituent. 42 Hence acceptor (donor) groups are expected to stabilize (destabilize) the orbital that is involved by pulling out ( pushing in) electron density from (to) this orbital, respectively. Hammett parameters have been paramount for the development of quantitative structure-property relationships (QSPR). 43 In general, it is possible to build strong QSPR between the nature of these substituents based on their Hammett σ-values and the corresponding electrochemical properties of series of compounds, and one can observe a linear dependence of oxidation (E OX ) or reduction (E RED ) potentials with respect to the Hammett parameters. [1] [2] [3] 5, [44] [45] [46] [47] [48] For cyclometalated iridium(III) complexes, although there are reports on the correlation between oxidation potential E OX and σ, 7, 50 as well as the correlation between the redox gap (ΔE REDOX = E OX − E RED ) and absorption or emission wavelength (λ abs , λ em ), 50, 51 there is apparently no general correlation between λ em and Hammett σ-values. The early work of Watts and coworkers nicely illustrates these two paradigms. 49 The authors reported the electrochemical and photophysical data of a series of homologous homoleptic tris-cyclometalated iridium complexes [Ir(R-ppy) 3 ], ppy = 2-phenylpyridine and substituents on the phenyl R = H, 4-methyl, 4-propyl, 4-tertbutyl, 4-fluoro, 4-trifluoromethyl, 4-methoxy, 5-methoxy. The correlations of the Hammett parameters σ with the oxidation potentials E OX and with the emission maxima λ em are shown in Fig. S1 † (experimental data are given in Table 1 3 ], depending on its position. The oxidation potentials of cyclometalated iridium complexes can be related to the corresponding HOMO energy levels. 50, 52 Since correlations between E OX and σ-values seem reasonable, one can legitimately assume that the HOMO energy level and σ also correlate. For Ir(4-CF 3 -ppy) 3 , the HOMO level is shifted positively compared to Ir( ppy) 3 in agreement with the electron-withdrawing nature of the -CF 3 group. Consequently, the absence of an emission wavelength shift between those two complexes can be attributed to significant stabilization of the LUMO energy level in Ir(4-CF 3 -ppy) 3 compared to Ir( ppy) 3 . This implies that despite being located on the cyclometalated phenyl ring where the HOMO is mainly localized, the -CF 3 group also impacts the LUMO energy level of the complex. A thorough comparison of the -CF 3 and -F substituents reported by Avilov et al. also stresses the importance of the position of the substituents. 53 Based on a detailed theoretical analysis, the authors illustrate how the emission properties of bis-cyclometalated iridium complexes are influenced by the substitution pattern and conclude that both HOMO and LUMO energy levels are unequally impacted by those changes. This result about the position of the substituents is reminiscent of the effect of the methoxy group in the report of Watts, although this qualitative information is of limited assistance for practical design. Clearly, QSPR that would relate the electronic character of the substituents to the emissive property of the complex is still missing for cyclometalated iridium complexes.
We recently reported our initial progress towards such QSPR in an homologous series of halogen substituted biscyclometalated complexes [Ir(2-(2,4-diX-phenyl)pyridine) ( pic)], with X = H, F (FIrPic), Cl, Br and pic = picolinate. We were able to link the Hammett parameters of the substituents to the wavelength of emission maxima. 54 Despite the higher values of σ m for chlorine and bromine compared to fluorine, the emissions of the chloro and bromo substituted complexes are red-shifted with respect to FIrPic. Nevertheless, we obtained a very good correlation of σ m versus E OX along the series, as expected. To obtain a convincing correlation with λ em , it was necessary to introduce the Hammett parameter that accounts for the substituents effect in ortho/para position, σ p (≈ σ o ). The new relation (σ m − σ p ) versus λ em provided a quasi-quantitative rationalization of the unexpected shift of emission along the series: the chloride and bromide substituents (σ p = 0.22) are much stronger electron-withdrawing elements towards the para position than the fluoride substituent (σ p = 0.06) and therefore -Cl and -Br stabilize the LUMO, which is mainly localized on the pyridine ring that is in the ortho/para position of the substituents, much more than -F. This energetic stabilization of the LUMO has been reproduced with theoretical calculations.
We report now a quantitative model based on Hammett parameters that rationalizes the effect of the substituents on the properties of cyclometalated iridium(III) complexes. This model allows for predicting the apparent redox potentials as well as the electrochemical gap of complexes based on phenylpyridine ligands with good accuracy. In particular, the model accounts for the unequal effect of the substituents on both the HOMO and the LUMO energy levels. Consequently, the model can also be used to anticipate the emission maxima of the corresponding complexes with improved reliability. Importantly, this model provides an improved theoretical frame that can help in further developing iridium emitters.
In particular, we demonstrate in a series of phenylpyridine emitters that electron-donating groups can effectively replace electron-withdrawing substituents on the orthometallated phenyl to induce a blue shift of the emission. This result is in contrast with the common approach that uses fluorine to blue shift the emission maximum. Finally, as a proof of concept, we used electron-donating substituents to design a new fluorine-free complex, referred to as EB343, matching the various properties, namely oxidation and reduction potentials, electrochemical gap and emission profile, of the standard sky-blue emitter FIrPic.
Experimental

Materials and general considerations
All materials and solvents were of reagent quality and used as received. [Ir(COD)Cl] 2 was purchased from Strem, IrCl 3 ·xH 2 O from Heraeus, 2-phenylpyridine from Aldrich, and acetylacetone and picolinic acid from Fluka. 1, 2, and FIrPic were synthesized as previously reported. 54 ,55 1 H and 13 C NMR spectra were recorded using a Bruker AV 400 MHz spectrometer. Chemical shifts δ (in ppm) are referenced to residual solvent peaks. 19 F NMR spectra were recorded using a Bruker AV 200 MHz spectrometer. Coupling constants are expressed in hertz (Hz). High-resolution mass spectra (HRMS) and elemental analyses have been performed by the Service d'Analyse of EPFL. UV-visible spectra were recorded in a 1 cm path length quartz cell on a Cary 100 spectrophotometer. Emission spectra were recorded on a Fluorolog 3-22 using a 90°optical geometry. Voltammetric measurements employed a PC controlled AutoLab PSTAT10 electrochemical workstation and were carried out in an argon-filled glove box, oxygen and water <5 ppm. All experiments were realized using 0.1 M tetrabutylammonium hexafluorophosphate in anhydrous N,N-dimethylformamide as an electrolyte using a set of glassy carbon and two Pt wires as the working, counter, and reference electrodes, respectively. Ferrocene was used as an internal standard. A scan rate of 1000 mV s −1 has been applied. Before each measurement, samples were stirred for 15 s and left to equilibrate for 5 s.
X-ray crystal structure determination
The data collection for the crystal structures was measured at low temperature [100(2) K] using Mo Kα radiation on a Bruker APEX II CCD equipped with a kappa geometry goniometer. The data were reduced using EvalCCD 56 and then corrected for absorption. 57 The solutions and refinements were performed using SHELX. 58 The structures were refined using full-matrix least-squares based on F 2 with all non-hydrogen atoms anisotropically defined. Hydrogen atoms were placed in calculated positions by means of the "riding" model.
General method for the synthesis of 2,3′-bipyridine chlorobridged dimer complexes
[Ir(COD)(μ-Cl)] 2 (500 mg, 0.74 mmol) was suspended in 10 mL of 2-ethoxyethanol. The suspension was filled with nitrogen by 3 cycles vacuum/nitrogen. The ligand L (2.98 mmol, 4.0 equiv.) was added, and 1 mL of 2-ethoxyethanol was used for rinsing. The mixture was filled again with nitrogen by 3 cycles vacuum/ nitrogen. The flask was sealed and heated at 130°C. After 3 h, the mixture was cooled down. The volume of solvent was reduced to half under vacuum and 20 mL of methanol was added. The resulting precipitate was filtered, washed with methanol, and dried to afford the chloro [ 
Results and discussion
Structure-property relationships based on Hammett parameters
The electrochemical gap ΔE REDOX is usually well correlated with the emission maximum (optical gap) λ em . However they are not strictly equivalent as the optical gap is smaller than the electrochemical gap. 59 The relation between ΔE PHOTO and ΔE REDOX is of the form:
where the additional term collects factors not directly derivable from ΔE PHOTO and ΔE REDOX , such as Coulomb terms (electron repulsion, singlet/triplet states), solvation energy differences, and energy differences of relevant orbitals, for the four species involved: the complex in the ground state, the complex in the excited state, the oxidized complex, and the reduced complex. Nevertheless, within a same family of molecules, it is usually assumed that the difference between electrochemical and optical gaps is fairly constant, and eqn (2) can be used:
When correlations between E OX and σ are reported in the literature, the value of σ m or σ p is chosen based on the position of the substituent with respect to the carbon C coordinated to the iridium. This carbon atom is therefore a minimal representation of the HOMO of the complex. The oxidation potential of the corresponding complex is then expressed as a linear function of the Hammett parameters as follows:
where σ C is the sum of Hammett parameters with respect to C for all substituents on the ligand. As discussed in the Introduction, the substituents on the cyclometalated phenyl can impact the energy of the LUMO localized on the pyridine ring. Similarly, substituents on the pyridine are expected to impact the energy of the HOMO. However the impact will be attenuated due to the longer distance between the substituent on the pyridine ring and the carbon C, so that σ C is rewritten as:
where σ Phen C are the Hammett parameter values with respect to C of the substituents on the phenyl, σ Pyr C are the Hammett parameter values with respect to C of the substituents on the pyridine, and α is the attenuation factor. Considering that σ p = σ o and replacing according to the nomenclature introduced in Scheme 1, we can combine the relation with eqn (3) to obtain the general expression of E OX as a function of the Hammett parameters of the substituents:
Although no relation between reduction potentials E RED and Hammett parameters has been reported before for cyclometalated iridium complexes, we can reasonably assume that such a relation exists using a similar approach to the oxidation potentials when the LUMO of the complex is mainly localized on the neutral ring of the orthometallated ligand. The nitrogen atom N (Scheme 1) is now considered as a reduced representation of the LUMO of the complex. The reduction potential of the corresponding complex is then expressed as a linear function of the Hammett parameters as follows:
where σ N is the sum of Hammett parameters with respect to N for all substituents on the ligand. Developing the expression according to the nomenclature introduced in Scheme 1, we obtain the relation:
In order to develop a reliable predictive model, we focused on fac-tris-homoleptic cyclometalated iridium(III) complexes to avoid the interplay of ancillary ligands. It should be noted that no correlation is reported in the literature with substituents on the pyridine ring, as well as no correlation with reduction potentials. We used data from the literature 11, 49, 60 to obtain the values for A, B, C, D, α, and β from a multiple linear regression (Fig. 1) . We did not take into account any solvent effect or differences in measurement conditions and we recalculated all potentials vs. ferrocene. 61, 62 We also used the for other data sets. We obtained eqn (8) for E OX in V vs. ferrocene, and eqn (9) for E RED in V vs. ferrocene:
Using eqn (2), we obtain the general relation for the redox gap ΔE REDOX and the Hammett parameters σ in eqn (10):
For the parent complex [Ir( ppy) 3 ], all σ values are equal to 0 and the result is a ΔE REDOX ≈ 3 eV. 11 Eqn (10) is the general quantitative relationship linking the electronic character of the substituents, as defined from their Hammett parameters, and the electrochemical gap of fac-tris-homoleptic iridium complexes based on 2-phenylpyridine cyclometalated ligand. The correlation between ΔE PHOTO , that is, λ em , and σ TOTAL is shown in Fig. S2 (see ESI †). Although the values of A, B, C, D, α, and β are expected to vary with the ligand skeleton, and should be redefined in the case of cycles with a different number of atoms than six, the relation is qualitatively useful for other cyclometalated complexes (see below and ESI †). With eqn (10) in hand, we now look at the effect of a single substituent, and its impact on the redox gap depending on its position, in particular to obtain blue-shifted emission compared to the parent complex [Ir( ppy) 3 ]. Within the same family of molecules, we assume that the difference between electrochemical and optical gaps is fairly constant. Using this simplification, the condition to obtain a blue shifted emission compared to [Ir( ppy) 3 ] is a larger redox gap:
For a substituent R 4 , only σ mR4 and σ pR4 are non-zero. Using σ mR4 = σ m and σ pR4 = σ p in eqn (10), we obtain the simple relation:
A substituent fulfilling this condition will result in a larger redox gap than [Ir( ppy) 3 ] and thus in an expected blue shift of the emission. The first term, here σ m , represents the influence of the substituent on the HOMO energy level and corresponds to the commonly used correlation between Hammett parameters and E OX . The second term, here σ p , represents the influence of the substituent on the LUMO energy level. This influence is less than unity, coefficient 0.7, which is well in line with the standard rule of thumb that substituents on the orthometallated phenyl influence more the HOMO than the LUMO.
Similarly
In the same way as for the substituents on the phenyl, simple relations can be derived for substituents on the pyridine. For a substituent on position 5′:
and for a substituent on position 4′:
Compared to the case of substituents on the phenyl, the first term here represents the impact of the substituent on the LUMO energy level, while the second term is the impact on the HOMO energy level. It is interesting to note that for substituents on the pyridine, the effect on the remote orbital, the HOMO, is smaller than the effect on the LUMO of a substituent on the phenyl (coefficient 0.5 compared to 0.7).
These attenuation values can be compared to the extent of delocalization of the HOMO and LUMO over the entire C^N ligand obtained from DFT(M06)/IEF-PCM(ACN) calculations. The extent of HOMO on the pyridine is much smaller than the one of LUMO on the orthometallated phenyl (Fig. 2) . While 33% of the HOMO is localized on the orthometallated phenyl of [Ir( ppy) 3 ], only 7% is found on the pyridine (the remaining contribution is found on the iridium). This proportion is reversed for the LUMO of [Ir( ppy) 3 ], where now 60% is localized on the pyridine, while as much as 38% lies on the phenyl ring. Therefore it is not surprising that the impact on the HOMO energy level of a substituent on the pyridine will be smaller than the impact on the LUMO energy level of a substituent on the phenyl. It is very satisfying that our simple and naïve model can qualitatively reproduce such results from advanced theoretical calculations.
Using eqn (12) and (13) to calculate the conditions on the Hammett parameters in the series of complexes reported by Watts and coworkers, 49 the observed emissions are now as 
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This journal is © The Royal Society of Chemistry 2014 3 ]). The methoxy case is also explained for the case when on position 4 the condition is positive (blue shift) and on position 5 the condition is negative (red shift). It should be stressed that the model calculates the redox gap and not the emission gap ΔE PHOTO , which explains the similar value of the condition for the methoxy group on position 4 compared to fluoride, despite the fact that fluoride substituted compounds show a more pronounced blue-shift of the emission (see below).
To evaluate the applicability of the relations derived for factris-homoleptic iridium(III) complexes to other systems based on cyclometalated 2-phenylpyridine ligands, we applied them to a series of [Ir(R-ppy) 2 (1)), substituents possibly resulting in extended aromatic ligand systems, such as carboxylic acid, ester, acetyl, and dimethylamino groups, are more red shifted than anticipated by the model based on redox potentials. In the case of [Pt(R-ppy)(acac)], the correlation between ΔE REDOX and λ em is now remarkable, while the correlation between the reduction potentials and σ N is less satisfactory. λ em for both data sets used the same solvent at 77 K, in contrast to various solvents at room temperature for the [Ir(R-ppy) 2 (acac)] and [Ir(R-ppy) 2 ( pic)] series, which may explain the apparent improved correlation. The model will fail when the HOMO and LUMO are not localized on, respectively, the phenyl and pyridine of the main ligand. For example, when a chromophoric ancillary ligand such as 2,2′-bipyridine is used, correlation would be found only between E OX and σ C because the LUMO is localized on the ancillary ligand. A similar failure of the model was observed when the frontier orbitals are localized on a substituent instead of the main ligand. 68 We presented here a very simple relationship between Hammett parameters and electrochemical properties of cyclometalated iridium complexes. In particular, eqn (12)-(15) are straightforward to apply and give a reliable condition on the substituents to tune the redox potentials and the emission wavelength. Due to the small data set used to derive the numerical values and the approximations made concerning the experimental measurement conditions, the relations are reasonably quantitative for tris-cyclometalated ppy-based complexes and quasi-quantitative to qualitative in other cases. These relations clearly explain the unusual position effect of substituents such as -CF 3 and -OMe. This result quantitatively demonstrates that a strong acceptor will not necessarily result in blue-shifted emission, and that electron-donating groups can be used on the orthometallated phenyl to obtain a blue shift of the emission.
Donor groups on orthometallated phenyl for a blue shift of emission
The most common strategy to blue shift the emission of cyclometalated iridium complexes is to use acceptor substituents on the orthometallated phenyl ring, often using fluorine substituents on positions 2 and 4. However, those complexes are particularly unstable in electroluminescent devices. In addition to the high energy content of the blue exciton resulting in a thermally accessible antibonding metal-centered state, 74 the strong electron-withdrawing character of fluorine leads to chemical degradation in operational devices. [75] [76] [77] The possibility to replace the acceptor fluorine with a donor group in blue phosphorescent emitters is therefore particularly attractive. To further explore the effect of electron-donating groups on the emission maximum of iridium complexes and to exploit the possibility of replacing fluorine acceptor substituents by methoxy donor groups for blue emission, we prepared a series of novel complexes (Scheme 2) and compared them with known emitters, namely [Ir(ppy) 2 (2), and FIrPic. 
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To effectively replace electron-withdrawing fluorine, in addition to maintaining identical emission maximum it is also preferable to have identical molecular orbital energy levels. In this case, the architecture of the whole electroluminescent device could be kept identical, simply replacing fluorine-based emitters with donor-based emitters. To tune the oxidation and reduction of donor-substituted complexes towards higher potentials, we introduced a nitrogen atom in place of the R 3 -substituent of the cyclometalating ligand. This modification produces a negative shift of both HOMO and LUMO. [78] [79] [80] Combining the donor-substituents with 2,3′-bipyridine we developed complexes with similar electrochemical and emission properties as complexes based on 2,4-difluorophenylpyridine.
Synthesis
The ligands used in this study were prepared by conventional Suzuki coupling. It is important to stress that very clean ligands, which are indispensable for the isolation of pure iridium dimers, could only be obtained after several chromatography purifications (see the Experimental part for details). Dimer precursors to complexes 1-4 were prepared according to the report of Watts and coworkers. 81 Stoichiometric amounts of the cyclometalating ligand and IrCl 3 were refluxed overnight at 130°C in a mixture of 2-ethoxyethanol-water. Unfortunately, these standard conditions proved inefficient when 2,3′-bipyridine ligands were used, and the corresponding dimers could be isolated in low yields only (for example with the dimer-precursor of 3, isolated yield is 6%). Although we do lack clear evidence regarding the side-products that are formed during the reaction, we suspect that protons released in solution, as a result of cyclometalation, induce cleavage of the methoxy groups of the ligands. This prompted us to explore an alternative source of iridium in order to avoid such degradation. Encouraged by the recent success we experienced using [Ir (COD)(μ-Cl)] 2 for the synthesis of tris-heteroleptic complexes, 55, 82 we tested similar conditions to prepare the 2,3′-bipyridine-based dimers. Contrary to IrCl 3 that cyclometalates via electrophilic aromatic substitution, COD-precursors of iridium usually proceed initially by oxidative addition owing to the low oxidation degree of the metal. 83 This particular reactivity is well exploited in catalytic C-H bond activations where very active and selective complexes are needed. 84 Gratifyingly, when stoichiometric amounts of 2′,6′-dimethoxy-2,3′-bipyridine or 6′-methoxy-2′-methyl-2,3′-bipyridine are reacted with [Ir(COD) (μ-Cl)] 2 in 2-ethoxyethanol at 130°C, very clean dimers are obtained quickly (usually in about 3 hours) and in good yields (see ESI †). With the various dimers in hand, both acac and pic complexes become readily accessible following a standard procedure. By gently refluxing the chloro-bridged complex with acetylacetone or picolinic acid in the presence of a base, the final compounds could be isolated in good yields by simple filtration over neutral silica to avoid cleavage of the ancillary ligand 55 followed by recrystallization from a dichloromethanemethanol or dichloromethane-hexane mixture. Full experimental details and characterizations ( 1 H and 19 F NMR, elemental analysis and high-resolution mass spectrometry) are available in ESI. †
X-ray single crystal structures
Single crystals of 1-4, 6, and 7 were obtained by slow diffusion of hexane or methanol in a dichloromethane solution of the complex. Structures are shown in Fig. 3 and selected bond lengths and angles are given in Table 2 . Crystallographic parameters are given in Table S2 . † As expected, all complexes adopt a distorted octahedral geometry around the iridium center with N-binding pyridines in trans positions relative to each other. Overall the geometry around the metal is not significantly influenced by the ligand used. Whether the latter is phenylpyridine or 2,3′-bipyridine, similar bond lengths and angles are observed throughout the series. Similarly, there is no net variation in the Ir-O bond length between the iridium center and the acetylacetonate ancillary ligand. However, the main ligand is markedly impacted by the R 2 and R 4 substituents at the cyclometalating ring. Firstly, modification of the substitution pattern translates into an elongation of the C 1 -C′ 2 bond that links both rings of the cyclometalating ligand as evidenced by comparing complexes 2-4 and 6-7 with 1. Secondly, torsions of up to 6.0°are observed for the C′ 3 -C′ 2 -C 1 -C 2 angle when methyl and methoxy substituents are used, in contrast to complexes 1 and 2. This is particularly evident for complexes 4 and 7 where a methyl group is introduced at the R 2 -position. This deformation is also accompanied by a severe torsion between the R 2 -group and the plane of the cyclometalating ligand (C′ 2 -C 1 -C 2 -R 2 angle) as observed for complexes 3-4 and 6-7 in contrast to 1 and 2. Finally, R 2 and R 4 substituents tend to deviate from the plane of the cyclometalating ring, as exemplified by the R 2 -C 2 -X-C 4 and C 2 -X-C 4 -R 4 torsion angles, with a more pronounced effect when methyl groups are used.
Electrochemical properties
The electrochemical properties of the complexes were recorded in dimethylformamide. Data are summarized in Table 3 . As expected, each complex shows quasi-reversible to irreversible one-electron processes in both positive and negative bias (see Fig. S6 †) . The anodic peak potential is ascribed to oxidation of the iridium(III) metal center to iridium(IV) while the two cathodic peaks are assigned to reduction of the phenylpyridine or 2,3′-bipyridine ligands depending on the complex. 32 For EB343
and FIrPic, an additional third reduction is observed within the range of potential scan; they are attributed to the reduction of the picolinate ligand (Fig. 4) . As evidenced by comparing the electrochemical data of 3 and 4 with reference complex 1, decorating the phenyl ring with methoxy and methyl groups increases the electrochemical gap. A similar effect is seen for 2 when electron-withdrawing fluorine groups are used. Nevertheless, in contrast to fluorines that induce a greater stabilization of the HOMO than the LUMO due to the large positive value of σ m , the combination of methoxy and methyl substituents operates by destabilizing the LUMO more than the HOMO due to the large negative value of σ p , as expected from the Hammett parameter-based structure-property relationships discussed above. Electrondonating groups can therefore produce the desired blue-shift in emission (see photophysical properties).
Introducing a nitrogen atom in place of the R 3 -substituent of the cyclometalating ligand produces a negative shift of both HOMO and LUMO as shown by the apparent electrochemical potentials measured for complexes 5-7. More specifically, changing the HOMO-localized ring from phenyl to pyridine shifts the oxidation potential positively by ca. 300 mV (the difference measured between complexes 4 and 7 is attributed to the poor reversibility of the oxidation of 7). This observation is in line with previous reports where 2′,6′-difluoro-2,3′-bipyridine was used to obtain deep-blue emissions. [78] [79] [80] As expected, modification of the substitution pattern impacts the LUMO levels of the complexes as well, because of the electronic communication between both cyclometalating and N-coordinating pyridines. This is manifest on the first reduction potentials of 5, 6 and 7, which are lowered by ca. 100-150 mV compared to 2, 3 and 4, respectively. By comparing the electrochemical properties of 2 with 7, one can realize that the 6′-methoxy-2′-methyl-2,3′-bipyridine ligand is quasi-isoelectronic to a 2,4-difluorophenylpyridine. As a result, the main ligand used in FIrPic can now be replaced while retaining the properties of the complex. This is strikingly The labels for selected atoms as used in Table 2 are shown on the general structure of the complexes. evident from the electrochemistry of EB343. The new fluorinefree complex displays oxidation and reduction potentials that are virtually identical to that of the standard sky-blue emitting FIrPic complex (Fig. 4) .
UV-visible absorption spectra
The UV-visible absorption spectra of all complexes were measured in solution in acetonitrile ( Fig. 5 and Table 4 ). All spectra display a similar overall profile and, by analogy with previously reported assignations, the intense absorption bands in the UV region (λ abs ≈ 250-300 nm and ε ≈ 40 × As expected from the Hammett parameter-based model discussed above, the onset of absorption (defined as ε = 100 M −1 cm −1 ) is blue-shifted as methoxy groups are added to the main ligand. However, in contrast to the electrochemical gaps which are identical for 2 and 3, as anticipated by the values of σ TOTAL , the onset of absorption of 2 is 13 nm (∼600 cm −1 ) blue-shifted compared to 3. This means that the additional term ∑a i relating ΔE PHOTO and ΔE REDOX in eqn (1) is not constant on going from 2 to 3, although in both cases the skeleton of the main ligand is phenylpyridine. The replacement of the 2-phenylpyridine core with 2,3′-bipyridine simply leads to 20-25 nm (∼1000 cm −1 ) blue shift of the onset of absorption without significant other changes in the absorption spectra.
Luminescence spectra
With the exception of 6, when excited at 298 K within the ligand (π-π*) and MLCT absorption bands, the complexes show broad and poorly structured emissions that are characteristic of complexes containing a combination of cyclometalated ligands with acetylacetonate as the ancillary ligand (Fig. 6 ). At 77 K in 2-methyltetrahydrofuran (2-MeTHF), the spectra become highly structured and clear vibronic progressions are seen for all complexes (Fig. 7) . Similar to the absorption spectra, the emission is blue-shifted as methoxy groups are added to the main ligand, 519 nm for 4 and 500 nm for 3 compared to 528 nm for reference 1 at room temperature, but not as much as with fluorine substituents, 491 nm, in contrast to the electrochemical gaps which are identical for 2 and 3. This means that, as for the absorption, the additional term ∑a i relating ΔE PHOTO and ΔE REDOX in eqn (1) is not constant on going from 2 to 3.
As for their electrochemical properties, 2 and 7 have also a very similar emission spectrum. As a result, the main ligand used in FIrPic can be replaced by the 6′-methoxy-2′-methyl-2,3′-bipyridine ligand in EB343. The emission spectra of EB343 compared to FIrPic are shown in Fig. 6c at room temperature and Fig. 7c at 77 K. The new fluorine-free complex displays only a slightly blue shifted and broader emission compared to the standard sky-blue emitting FIrPic complex. The adiabatic E 0-0 transition energies computed at the (U)DFT/M05-2X/ IEF-PCM(ACN) level for EB343 and FIrPic are close, 3.03 eV vs. 3.14 eV, respectively. In both cases, the emission exhibits a LC-MLCT character (see ESI †). The photoluminescence quantum yield and lifetime of the excited state of EB343 and FIrPic in solution in degassed acetonitrile at room temperature are Φ = 0.54 and 0.61 and τ = 1.29 and 1.69 μs, respectively. Finally, to explore further the colours of emission offered by this new fluorine-free ligand, we used the chloro-bridged iridium dimer [Ir(L7) 2 (μ-Cl)] 2 to screen ancillary ligands (Fig. S12 †) . 86 
Conclusions
We have described a simple quantitative model based on Hammett parameters that rationalizes the effect of the substituents on the properties of cyclometalated iridium(III) complexes. This model allows predicting the apparent redox potentials as well as the electrochemical gap of homoleptic complexes based on phenylpyridine ligands with good accuracy. Importantly, the model accounts for the unequal effect of the substituents on both the HOMO and the LUMO energy levels by taking into account both the σ m and σ p values of the Hammett constant for a given substituent. Consequently, the model can also be used to anticipate the emission maxima of the corresponding complexes with improved reliability. In particular, it was possible to rationalize in a very simple manner the influence on emission maxima of trifluoromethyl and methoxy groups and to demonstrate that a strong acceptor will not necessarily result in a blue-shifted emission, while electron-donating groups can be used on the orthometallated phenyl to obtain a blue-shift of the emission.
The main strength of this model is the simplicity of the approach and of the relations developed from it, which makes its application to a range of complexes based on cyclometalated 2-phenylpyridine straightforward. Further numeric improvements could be obtained by increasing the size of the database and having measurements performed under identical conditions. Conceptual improvements are expected by separating inductive and mesomeric effects and by distinguishing between para and ortho positions, especially due to the possible impact of steric hindrance of substituents on the properties of the complexes. 87 These improvements could result in a reliable relationship between Hammett constants and emission wavelength maxima. Finally, generalization beyond ppy could be obtained by combining the model in this work with concepts such as the ligand electrochemical parameter. 88, 89 In this work, we used this model to develop a series of emitters where electron-donating groups, methyl and methoxy, can effectively replace electron-withdrawing fluorine substituents on the orthometallated phenyl to induce a blue shift of the emission. This result is in contrast with the common approach that relies almost exclusively on fluorine to blue shift the emission maximum of a given complex. The blue shift induced by 
